Metabolism of Mycobacterium lepraemurium harvested from infected mice was studied using radioisotope tracer techniques. 14C-labelled acetate, fumarate, glycerol, a-ketoglutarate, glutamine and succinate were oxidized and assimilated, but at extremely low rates. Asparagine and glucose were assimilated but not oxidized. These data provide unequivocal evidence for the utilization of exogenous substrates by purified suspensions of M . lepraemurium and indicate the existence of a host-independent aerobic metabolism and an operative tricarboxylic acid cycle.
Mycobacterium lepraemurium, the agent of a chronic granuloniatous infectious disease in murine rodents, is an intracellular parasite which has so far not been cultured in cell-free media. Because of its similarity to M . leprae, M . lepraemurium has been used extensively as a model for human lepromatous leprosy in studies of comparative pathology, immunology and chemotherapy, and in attempts to obtain fundamental information toward the eventual cultivation of both organisms in vitro.
Although metabolic studies were made possible 20 years ago when Hanks (1951a) devised a method for separating Mycobacterium lepraemurium from infected host tissue, there is still little known about the metabolism of this organism. Hanks ( b, 1954 , isolated the organisms from rat testes and observed a weak endogenous anaerobic hydrogen transfer to tetrazolium violet which deteriorated rapidly and was not stimulated by exogenous nutrients. Gray (I 952) measured the endogenous respiration of M. lepraemurium using manometric procedures and found that none of the 50 substrates or co-factors tested enhanced respiration. Subsequent reports (Ito & Sonada, I 958 ; Kusaka, 1958 a ; Tamemasa & Tsutsumi 1958) have confirmed these findings for most substrates; however, there have been preliminary indications that M . lepraemuriurn can utilize asparagine (Ito & Sonada 1958 : Tepper, 1971 ); acetate and glycerol (Tepper, 1971) ; succinate (Kusaka, 19583) ; ribose (Kusaka, 1959) ; and higher fatty acids, indole, skatole and o-aminophenol (Tamemasa & Tsutsumi, 1958) . In addition, there is recent evidence which suggests that M . lepraemuri~im may be capable of synthesizing at least some macromolecules in vitro: M . lepraemurium incubated in a modified Dubos medium elongated to 3 to 4 times its initial length without multiplying (Hart & Valentine, 1963) , and this increase in length was accompanied by a proportional increase in weight (Valentine, 1962) . Draper & Hart (1968) Suspended in 0.3 N-NaOH (10 ml/g wet weight bacilli). shake 15-30 min, adjust pH to 6.8 with saturated K H , P 0 4 ( 2 m1/10 ml NaOH suspension) Centrifuged at 900g. 10 rnin
Final suspension in distilled water (10 mlig wet weight of bacilli) Metabolic activity of M . lepraemurium I45 composition which occurred during elongation and found that lipid and neutral sugar accounted for over 60% of the weight gain, while phosphorous, a-amino nitrogen, nucleic acid and hexosamine showed lesser increases. The substrates used for these syntheses were not determined. The present report describes the use of radioisotopic tracer techniques for determining substrate utilization in vitro by M . lepraemurium.
METHODS
Collection of the organism. The Hawaiian strain of Mycobacterium lepraemurium was harvested from female CFW mice (Carworth, Inc., New York City, New York, U.S.A.) which had been infected intraperitoneally 3 to 4 months previously with 1-5 x IO* bacteria. Lesions in the pelvic and omental fat were removed aseptically and the bacteria freed from the tissue components by a modification of the method of Nishimura et al. (1967) . The flow diagram (Fig. I) shows the alternate cycles of low-and high-speed centrifugations used to separate the bacteria from tissue components. All homogenizations and centrifugations were done at 4 "C. The exposure of the mycobacterial suspensions to 0.3 N-NaOH was used to kill contaminating organisms and so insure the inactivation and removal of residual host protein. The neuralization step prevented the irreversible clumping of the bacteria in suspensions subsequent to NaOH treatment. Occasionally, the main line of the separation, indicated by the darker line in Fig. I , was used for preparing bacterial suspensions, Yields of wet mycobacteria approximated 10 yo of the weight of the harvested tissue when the complete procedure was used and 2 % when the main-line procedure was adopted.
Reaction system. Metabolic experiments were carried out in 25 rnl Erlenmeyer flasks which contained a reaction mixture consisting of 8 ml of medium, buffer or diluent (1.25 x concentration), I ml of labelled substrate, and I ml of the suspension of purified bacteria. The mycobacterial suspensions contained 0.23 to I -0 mg bacterial nitrogenlml which corresponded to 3-3 x 109 to 1.5 x I O I O bacteria/ml. Each flask was sealed with a serum bottle stopper which held a plastic cup, I cm above the level of the reaction mixture (Fain, Scow & Chernick, 1963) . Flasks were incubated at 37 "C, without shaking, for up to 14 days. After the desired incubation, the reaction mixtures were cooled to 4 "C and then 0.5 ml of cold 50O;b (w/v) trichloroacetic acid was injected into each flask.
Respired carbon dioxide was trapped in 0 -2 ml of 30 % (w/v) KOH injected into the plastic cup of each reaction flask. After an additional 2.0 h at 4 "C, with occasional swirling, each plastic cup with its contents was separated from its suspending rod and placed in the bottom of another 25 ml Erlenmeyer reaction flask. The carbon dioxide was redistilled by acidification in the cold and trapped in Hyamine-hydroxide (Amersham/Searle Corporation, Des Plaines, Illinois, U.S.A.) contained in the suspended cup. The l'CO,-Hyarnine cup was placed in a liquid scintillation vial with 15 ml of Bray's solution (Bray, 1960) , and the radioactivity was determined in a Nuclear-Chicago Unilux I1 liquid scintillation system. Quench corrections obtained by internal standards or by channel ratio procedures were used in calculating absolute counts (d.p.m.).
Radioactivity assimilated into the bacteria was determined after the suspension was washed by centrifugation three times with 2.5% trichloracetic acid, once with 0.1 N-HCI, and then with distilled water until the radioactivity of the supernatant wash water was less than two times the background count. The residue was then solubilized at 60 "C in 0.5 ml Soluene 100 (Packard Instruments Co., Downers Grove, Illinois, U.S.A.) and then counted in Bray's solution in the liquid scintillation counter.
Under these conditions, variations among triplicate tests were usually less than ro %. results presented are the means of triplicate tests. Control flasks containing radioactive substrates without bacteria were put through the same procedures in order to determine-a background count. These controls represented a significant proportion of the radioactivity detected in the trapped carbon dioxide and are reported in each experiment.
Contamination test. In each experiment extra flasks for each substrate were sampled for 14C02 activity before trichloroacetic acid was added to the experimental flasks. When such flasks showed unusually high activity, tests for contamination by other bacteria were made on all the reaction mixtures. A sample of reaction mixture (0.2 ml) was withdrawn from each flask by a sterile tuberculin syringe and incubated in thioglycollate medium (Difco), thiol medium (Difco) and Lowentstein-Jensen medium (BBL). The majority of experiments were free of contaminants. When contamination was detected it was sporadic, usually occurring in less than 5 0; of the flasks. Data from contaminated flasks were rejected.
ChenTicaZ and microscopic analyses. The nitrogen contents of portions of the mycobacterial suspensions was determined by micro-Kjeldahl digestion and by the colorimetric Nessler procedure (Wilson & Knight, 1952) . Numbers of Mycobacferiurn Iepraernuriurn were determined by direct microscopic counts (Shepard & McRae, 1968) . 
RESULTS
Oxidatioiz of glycerol and acetate. The oxidation of glycerol and acetate by Mycobacterium lepraemuriurn under conditions which promote elongation of the organism have been described previously (Tepper, 1971) . In the experiments shown in Fig. 2 and 3 , the mycobacterial concentration exposed to the labelled substrate was increased from 10' to 109 bacteria/ml. At this density M. lepraemurium did not elongate during the incubation periods used. The substrate oxidations observed were therefore independent of the process of elongation.
The relationship between glycerol and acetate metabolism are shown in Fig. 3 . The lower sigmoid curve is typical of oxidative rates in the complete elongation medium. When glycerol was omitted from the medium, there was an increase in the amount of 14C02 from [14C]-acetate. The products of glycerol metabolism apparently competed with and reduced exogenous acetate metabolism in this organism. This observation suggested that the oxidation of other substrates might be suppressed by the nutrients in the complex Hart-Valentine medium.
Efect of the suspending medium on substrate utilization. The reaction mixtures compared were the complex Hart-Valentine elongation medium (Hart & Valentine, I 963), a chemically defined modified Kirchner medium (Tepper, I 968) ; Sorenson's buffer (0.067 M-Na,HPO,/ KH2P04) with and without asparagine (0.6%, w/v); and the K-36 diluent of Weiss (1965) (0.1 M-KCl, 0.015 M-NaCl, 0.05 M-KH,PO,) with and without asparagine (0.6 yo, w/v), An apparent four-to fivefold increase in oxidative activity occurred in the simpler media (Fig. 4a) . The reduction in 14C0, from [14C]acetate in the presence of unlabelled glycerol also occurred in the nutritionally simpler Kirchner medium, while glucose did not interfere with acetate metabolism. Increased substrate incorporation into mycobacterial material was also associated with the decreased complexity of the exposure medium (Fig. 4 b) . Substrate assimilation in the buffer reaction mixture was 2 to 2-5 times greater than in the Hart- Valentine medium. In terms of both oxidation and assimilation, the Sorenson buffer and Weiss K-36 diluent were equivalent and there appeared to be little advantage in the presence of exogenous asparagine. The K-36 diluent was chosen for subsequent experiments because it provided the high K+-Naf ratio favoured by other intracellular parasites (Weiss, 1965) .
Effect of pH.
Comparative data for acetate oxidation and assimilation in the elongation medium and K-36 diluent are given for four pH values (Fig. 5) . Maximal activity was observed in both systems at pH 7 and the activity at p H 8 was higher than at pH 5 and 6. The pH for maximal elongation of Mycobacterium lepraemurium in the Hart-Valentine medium is pH 6-2. The difference in optima for elongation potential and metabolic activity cannot be explained at present.
Substrate utilization in the bufler system. Comparable tests were made with K-36 diluent, including additional substrates, among them carboxylic acid intermediates of the tricarboxylic acid cycle (Table I) . With the exception of asparagine and glucose, all were oxidized and all were assimilated.
Variatioiis in metabolic activity. In any given experiment, the variations in the rates of substrate utilization in replicate flasks were less than 10%. However, the rates were not reproducible between experiments with different batches of bacteria. These variations are shown for acetate and a-ketoglutarate in Table I . For six substrates (Fig. 6) , increased substrate concentrations increased the rates of oxidation and incorporation. The rates remained relatively low and saturation kinetics were not observed. Glucose and asparagine were included in this experiment but were not oxidized at any concentration tested. The relationship between substrate concentration and activity may explain, in part, the variations observed between experiments. The trauma of the isolation procedures, differences in the Metabolic activity of M. lepraemurium I49 t Each flask contained Mycobacterium ~epraenruriim (0.4 mg bacterial nitrogen), the W-substrate, and K-36 diluent at pH 7.0; total volume 10 ml. Flasks were incubated at 37 "C for 7 days. Substrate concentrations and specific activities were 4 m~-[~-'~C]acetate (0.12 ,uCi/pmol); 0.14 mM-[I ,4-14C]fumarate (3.6 pCi/ pmol) ; 0.14 m~-[5-~~C]a-ketoglutarate (17. I pCi/,miol); and 0.80 mM-[I ,4-13C]succinate (6.28 , uCi/, umol). physiological age of the bacilli, and the proportion of degenerate bacilli in the Mycobacterium Zepraernurium suspensions are also important considerations ; however, the hostdependency of the organism and inadequate methods for estimating viability make these variables difficult to assess.
D I S C U S S I O N
The results presented here demonstrate that Mycobacterium Iepraemurium, when separated from its host cell, oxidized and assimilated exogenous substrates. The radiometric technique provided a more discriminitive method than the dye reduction or manometric procedures. The observed oxidation of glycerol and the experiments in which 14C02 from [14C]acetate was reduced when glycerol was present in two different media suggested that the catabolism of these substrates involves a common pathway. Considering the known mechanisms for glycerol catabolism, the evidence indicates that glycerol is metabolized via the triose portion of the glycolytic pathway through pyruvate, acetyl-CoA and the tricarboxylic acid cycle. The failure of Mycobacterium lepraemuriravzz to catabolize glucose was particularly informative, especially since glucose was incorporated by these mycobacteria ( Table I ). The data which showed that exogenous glucose did not diminish the 14C02 produced from the oxidation of [14C]acetate provided further evidence for the failure of these bacteria to catabolize glucose. These observations suggest that glucose may not adequately permeate M . lepraemurium or that, in these mycobacteria, the triose portion of the glycolytic pathway may function for both energetic and biosynthetic purposes and that the 'hexose' portion of the pathway is largely synthetic. These hypotheses are being tested experimentally.
B. S. T E P P E R AND K. G. V A R M
When compared with other host-dependent bacteria, Mycobacterium lepraemurium appears to be more competent metabolically than either the rickettsiae or the chlamydiae (Weiss, 1968) . Mycobacterium lepraemurium is similar to the rickettsiae in that it catabolized many low molecular weight molecules, did not require added co-factors for these reactions, and failed to catabolize glucose. This bacillus differed from both organisms by not requiring added co-factors for the synthesis of macromolecules. The pattern of assimilation observed in our studies, and the composition changes observed during elongation in vitro, indicate that the exogenous substrates provided both the carbon skeleton and the energy for synthesis in M . lepraemurium.
The catabolic and assimilatory rates observed with Mycobacterium Zepraemirium were extremely low (Table I) and did not improve greatly at increased substrate concentrations (Fig. 6) . With different batches of bacteria, variations occurred in metabolic rates and in the ratios of substrate oxidized to substrate assimilated. It seems unlikely that these variations can be ascribed to the experimental technique but, rather, they appear related to the physiological state of the mycobacteria harvested. The numbers of bacteria required for these experiments suggests that a large proportion are in various stages of degeneration and this proportion may vary in different harvests. Studies, now in progress, are designed to determine
